I t is a source of much frustration to clinicians and patients alike that outcomes of catheter ablation for persistent atrial fibrillation (AF) remain stubbornly suboptimal. 1, 2 It is clearly understood that paroxysmal AF is driven in the great majority of cases by electric triggers located in myocardial sleeves extending into the pulmonary veins (PVs) 3 and, built on this, a large body of evidence has been generated to demonstrate that durable PV isolation can provide effective treatment for paroxysmal AF. 4 Equivalent outcomes from catheter ablation of persistent AF have been hampered by ongoing uncertainty about the basic electrophysiological mechanisms by which this arrhythmia is sustained.
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Early data from animal and computer models suggested the presence of multiple electric wavefronts meandering through the atrial wall, after the principles of Brownian motion. 5 Subsequent data have highlighted the role of atrial myocardial structural remodeling in constraining the propagation of such wavelets, 6 and the importance of the 3-dimensional nature of the wall has been highlighted, 7 with dissociation between endocardial and epicardial layers and wavefront breakthroughs between these layers facilitating arrhythmia maintenance. Set against this is clear evidence from high-resolution optical mapping in animal models of spiral wave re-entry sustaining fibrillation of both the ventricles 8 and the atria. 9,10 Multiple groups have attempted to demonstrate such spiral waves and rotors by high-density epicardial mapping in human AF but, although transient rotational activity centered on a core of high-frequency activity consistent with the electrophysiology expected of rotors has been described, 11, 12 there are no reports of sustained spiral wave re-entry in human persistent AF demonstrated through such methods.
Exciting developments in recent years have resulted from the application of innovative mapping techniques. Multielectrode vests have been used to record body surface potentials 13 which, when integrated with anatomic data from cardiac computed tomography and analyzed by mapping of the signal phase, have demonstrated the presence of atrial driver regions with a high prevalence of transient rotors. 14 Solely targeting these domains resulted in termination of persistent AF in 75% of cases but terminated longstanding persistent AF in only 15%. At 1 year, 64% were in stable sinus rhythm, with AF duration a stronger predictor than was acute AF termination. In a different approach aimed at global atrial mapping, Narayan et al 15, 16 have deployed biatrial multielectrode basket catheters to simultaneously record unipolar electrograms from the endocardial surface of both atria. Through the application of computational phase mapping that accounts for rate-dependent repolarization and conduction restitution, they have reported a high prevalence of a small number of rotors that are highly conserved over time. These described rotors thus have elecrophysiological characteristics different from those reported through mapping of body surface potentials or from epicardial mapping, in particular being sustained rather than transient.
In a series of publications, these investigators reported the promising early outcomes of catheter ablation guided by such endocardial multielectrode mapping (Focal Impulse and Rotor Modulation [FIRM]). The initial study of 92 patients with paroxysmal or persistent AF reported localized rotors or focal impulses in 97% of patients, with a mean of 2.1±1.0 focal sources per patient. 16 Catheter ablation specifically targeted at the location of these AF sources achieved the primary end point of AF termination or sustained AF slowing in 86%, with AF termination in 56% after 4.3±6.3 minutes of ablation. Over a median of 9 months after a single procedure, freedom from AF was achieved in 82% after FIRM-guided ablation compared with 45% after a conventional PV isolation-based ablation strategy. A subsequent report over a longer follow-up period of ≈29 months has indicated that such enhanced freedom from AF is maintained, with a rate of 78% compared with 39% after a conventional PV isolation-based ablation strategy, after a mean of 1.2±0.4 ablation procedures. 17 Importantly, a subsequent multicenter registry study from 10 centers recruiting 78 patients, of which 62% had persistent AF and 9% had longstanding persistent AF, provided independent support for these findings. The authors reported a similar number of focal sources distributed widely throughout the atria, with 88% freedom from AF after the index procedure at >1-year follow-up 18 .
Criticisms of the FIRM-guided approach have largely been based on a relative lack of detail regarding signal processing and the computation phase mapping algorithm presented in published reports. 19, 20 Analysis of signal phase was initially applied to the fluorescent signal generated by highdensity optical mapping of animal models, and it is uncertain whether this is the ideal technique for analysis of extracellular recordings with their potential for signal artifact and contamination by ventricular far-field potentials. Ovine optical mapping studies 10 of rotor activity have consistently demonstrated a series of stable high-frequency electrograms from around the circular activation pathway. It is less clear whether such stable activity can be demonstrated in human persistent AF, in the majority of patients over prolonged periods.
A limitation of the FIRM technique, well acknowledged by Narayan et al, 15, 22 is the dependence on a basket catheter that may not adequately adapt to individual variation in atrial geometry to provide optimal atrial coverage. In addition, there are limitations inherent in the representation of a complex 3-dimensional structure as a 2-dimensional rectangular grid of regularly spaced electrodes that assumes an ideal spherical fit of the basket catheter. As noted by Allessie et al, 20 this does not seem to take into account the influence of π in relating the diameter to the circumference of a sphere and the need to stretch the projection in a direction perpendicular to the splines of the basket catheter to render an accurate 2-dimensional representation. Doing so more clearly indicates the poor spatial resolution of endocardial mapping with a basket catheter and seems vital to incorporation of accurate conduction velocity data into the mapping algorithm.
In the article by Benharash et al, 21 the authors report their single-center experience of FIRM-guided ablation and provide a detailed analysis of the characteristics of atrial electrograms recorded at putative rotor sites. In this cohort of 24 patients (50% paroxysmal and 58% in sinus rhythm at the time of the procedure and requiring acute induction of AF), they report that FIRMguided mapping was able to identify 2.3±0.9 focal sources per patient with a left atrial dominance, similar to the original data reported by Narayan et al. 16 In this study, they report AF termination in only 1 of the 24 participants, with 50% achieving the primary end point, when atrial arrhythmia organization and cycle length slowing were included in its definition. These data are obviously different from the 56% and 86% rates previously reported. 16 The authors also observe that the majority of cases of acute procedural success were achieved in patients with induced AF and that direct current cardioversion was required in all participants presenting to the laboratory in AF.
By comparing the 3-dimensional locations of the basket catheter electrodes with the 3-dimensional electroanatomic shell constructed using the NAV-X mapping system, Benharash et al 21 report that only 54±15% of the left atrial body was within 10 mm of any basket catheter electrode. In addition, at the time the first left atrial AF source was identified by FIRM mapping, only 31±17% of basket catheter electrodes on a per patient basis provided adequate quality electrograms to allow determination of the timing of local activation. These data indicate that with the best of intentions and experienced operators, the basket catheter does not provide global atrial coverage, and with the recordings available in this study no sustained rotational activation could be demonstrated by timing-based activation mapping. Rappel and Narayan 22 have acknowledged that no mapping technique can resolve spatial events with a length scale smaller than the interelectrode spacing, and that noise in electrogram recordings will affect the resolution of basket catheter mapping. They have argued that wavelength considerations rooted in human atrial electrophysiology indicate a minimum spiral wavelength of 4 to 5 cm [23] [24] [25] and have reported FIRM mapping to provide a spatial resolution of <10 mm 15 and a temporal resolution of 1 ms. 22 In this study by Benharash et al 21 and in others using FIRM mapping, 26 the lack of distinguishing electrogram features at the putative site of focal drivers such as rotors is a striking finding. Electrograms at FIRM-identified ablation sites were not found to differ in dominant frequency or Shannon entropy values compared with the atrial regions that did not harbor focal AF drivers. Conversely, in both animal models 10, [27] [28] [29] and other human studies, rotor sites have demonstrated a higher frequency 11, 12 than other atrial regions. Intuitively, if a rotor is to be a driver of fibrillation it would be expected to have a higher frequency than surrounding atrial myocardium, [30] [31] [32] with a negative activation frequency gradient away from the high-frequency source as part of fibrillatory conduction. Ganesan et al 33 have elegantly demonstrated in computer and animal models that bipolar electrograms with high complexity are to be expected around a putative rotor core. Narayan and Jalife 34 have countered with the argument that the spatiotemporal complexity of human AF, in which spatial precession of the rotor itself is a key determinant of electrogram morphological heterogeneity, 35 renders a search for particular electrogram characteristics at the rotor core overly simplistic.
To date, the field of persistent AF ablation has been marked by the presentation of conflicting results when evaluating varied techniques of substrate modification. The efficacy of additional linear ablation or ablation of complex fractionated atrial electrograms has recently been called into question with the publication of the Substrate and Trigger Ablation for Reduction of Atrial Fibrillation (STAR AF) II data 36 demonstrating no benefit, and possibly even harm, compared with PV isolation alone. These data emphasize the need to better understand persistent AF mechanisms rather than designing empirical ablation lesion sets which do not take into account the varied and individual underlying mechanisms in different AF populations. In this context, studies attempting to match ablation strategy to an individualized underlying mechanism are of great importance. Although the differences in data presented by the current and previous studies are yet to be resolved, the search for the underlying mechanisms remains paramount in the quest for AF cure. On available evidence, the relative contribution of sustained or transient rotors, of focal drivers and of multiple wavelets to the mechanism of human persistent AF remains uncertain.
